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A novel type of poly(p-phenylenevinylene!s which contain bis~2,28:68,29-terpyridine! ruthenium
~II! complexes has been developed. The absorption of the polymers at 500 nm was strongly
enhanced by the metal complexes due to the presence of the metal–ligand charge transfer transition.
The charge transportation is dispersive with hole carrier mobilities and activation energy of ;7
31025 cm2 V21 s21 and 0.20 eV, respectively, depending on the concentration of the metal
complex. A log m vs E1/2 plot shows that hole mobilities decrease with increasing field, which
suggests the presence of off-diagonal disorder in the hopping sites. © 1997 American Institute of
Physics. @S0003-6951~97!03046-5#Extensive studies on organic semiconductors have led to
the development of many new materials for optoelectronic
applications.1 Conjugated polymers is an interesting class of
semiconducting materials which combines the electronic and
photonic properties of traditional semiconductors and the
processibilities of organic polymers.2 Compared to their in-
organic counterparts, organic polymers enjoy the advantages
of ease of structural design and modification. The physical
properties can be modified easily by attaching different func-
tional groups to the polymer backbone. Poly(p-pheny-
lenevinylene! ~PPV! and its derivatives are among one of the
most studied conjugated polymers. The potential of applying
PPV to various types of optoelectronic devices has been
proposed.3 In our previous paper, we reported the synthesis
of some functionalized PPVs which contain
bis~2,28:68,29-terpyridine! ruthenium ~II! complex
@Ru~Ph-tpy!2#21 in the polymer backbone.4 Polymers incor-
porated with transition metal complexes can serve not only
as a photoconductor but also as the key component in ad-
vanced molecular electronics such as electroluminescent and
photovoltaic devices. They are able to perform complex
functions such as light harvesting and conversion of light
into chemical or electrical energy.
Here, we report the detail studies of the photoconductiv-
ity and charge carrier mobilities of the @Ru~Ph-tpy!2#21 con-
taining PPVs. The ruthenium complexes exhibit a spin-
allowed d!p* metal–ligand charge transfer ~MLCT!
electronic transition which strongly enhances the absorption
of the polymer in the visible region.5 It is envisaged that by
incorporating the @Ru~Ph-tpy!2#21 as a photosensitizer to the
polymer backbone, the sensitivities of the PPVs can be ex-
tended to longer wavelength. In addition, the @Ru~Ph-
tpy!2#21 complexes are electrochemically active exhibiting a
reversible RuII,III oxidation process and a number of revers-
ible reductive ligand-centered processes.6 Therefore, the
complexes are also potential charge carriers which are of
fundamental importance to the design and construction of
advanced electronic devices.
The structure of the metal-containing PPVs is shown in
Fig. 1. Their physical properties are summarized in Table I.
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ization have been described elsewhere.4 Polymers I and II
contain 19.4 and 45.8 wt. % of the @Ru~Ph-tpy!2#21 complex,
respectively. Such high concentration cannot be obtained by
doping the ionic metal complexes into the organic polymer
host as it usually leads to phase separation. Polymer I shows
an absorption maxima and shoulders at 420 and 500 nm
corresponding to the absorption of the backbone and the
MLCT states, respectively. Polymer II only shows a MLCT
absorption at 500 nm because the extent of the conjugation
decreases as the content of @Ru~Ph-tpy!2#21 is increased.
The samples for photoconductivity and charge carrier
mobility measurement were prepared by casting a polymer
solution on an indium–tin–oxide ~ITO! glass and the solvent
was evaporated slowly at elevated temperature. A semitrans-
parent gold electrode (thickness5120 Å) was coated onto
the polymer film by sputtering. These polymers are good
insulators with very small dark conductivity of the order of
10215 V21 cm21. However, when the polymers were ex-
posed to visible light irradiation, large photocurrents were
detected. The photocurrent was determined by measuring the
voltage drop across a resistor resulting from the photocurrent
passing through the polymer film. A 150 W xenon lamp with
different band-pass filters ranging from 400 to 640 nm was
used as the light source. Under the same applied electric
field, the photoconductivity of the polymers increases with
the @Ru~Ph-tpy!2#21 content. The photoconductivity of the
polymers at different wavelength resemble their absorption
FIG. 1. Structures of the ruthenium complex containing PPVs.2919)/2919/3/$10.00 © 1997 American Institute of Physics
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Downloaded 10 TABLE I. Physical properties of the polymers.
Polymer
@Ru~Ph-tpy!2#21
content
~wt %!
Dh
a
~eV!
sb
(10212 V21 cm21)
mh
c
(1025 cm2 V21 s21)
me
d
(1026 cm2 V21 s21)
I 19.4 0.22 1.4 6.7 5.4
II 45.8 0.19 5.6 7.5 5.8
aActivation energy for hole transport at E5160 kV/cm.
bPhotoconductivity at E5600 kV/cm, l5490 nm.
cElectron mobility at 298 K, E5125 kV/cm.
dHole mobility at 298 K, E5125 kV/cm.spectra ~Fig. 2!. This clearly shows that the @Ru~Ph-tpy!2#21
unit increases the photoconductivity of the polymers by en-
hancing the sensitivity.
The charge carrier mobility of the polymers was deter-
mined by using the conventional time-of-flight ~TOF! experi-
ment. Figure 3 shows the transient photocurrent profiles due
to the hole transport of polymer I at different temperatures.
Single pulse transient photocurrents were generated by a ni-
trogen laser @wavelength5337.1 nm, pulse energy5120 mJ,
and pulse width full width at half-maximum ~FWHM!
53 ns#. The photocurrent pulse shows a featureless decay
and the transient time tT cannot be determined directly from
the photocurrent trace. The transit time tT means the time
when the leading part of the carrier distribution reaches the
collecting electrode. The signal indicates that the charge
transport is dispersive with non-Gaussian carrier distribution.
In a disordered solid with ‘‘ideal’’ non-Gaussian transport,
the transient photocurrent is predicted by the equation I(t)
}t2(12a) for t,tT and I(t)}t2(11a) for t.tT(0,a,1),
where a is the dispersion parameter.7 The transit time and
the hole mobility are defined by the intercept of the tangents
approximating the current pulse at early and late times in the
log I vs log t plot. Drift mobility m was calculated according
to the equation m5L/tTE where L is the film thickness and
E is the applied electric field. At room temperature, the hole
mobilities of polymers I and II were determined to be 6.7
FIG. 2. Normalized photocurrent and absorption spectrum of polymer II in
the visible region.s. Lett., Vol. 71, No. 20, 17 November 1997
Nov 2006 to 147.8.21.97. Redistribution subject to 31025 and 7.531025 cm2 V21 s21, respectively, which are
both electric field and temperature dependent. These hole
mobilities are three orders of magnitude higher than those of
some phenyl-substituted PPVs.8 This results clearly show the
participation of the ruthenium complex in the charge trans-
portation process.
An Arrhenius plot of the hole mobility for polymer II
under different electric fields is shown in Fig. 4. The graph
indicates a thermally activated charge migration process with
an activation energy of 0.19 eV at E5160 kV/cm. The acti-
vation energy is lower than that of the triphenylamine-doped
polycarbonate9 and phenyl-substituted PPVs (;0.3– 0.5
eV!.8 The activation energy of polymer I is slightly higher
under the same applied electric field ~Table I!. The difference
in activation energy may be related to the composition of the
polymers. However, the exact reason for this is not clear. We
postulate that the ruthenium complex may act as a hopping
site when the charge migrates. It was also found that the
charge carriers are mainly holes as the electron mobilities are
approximately one-tenth of the hole mobilities.
The field dependence of the mobility can be expressed
by10
m~E ,T !5m0 expS 2 D0kTeffD expS bE
1/2
kTeff
D .
In this expression, m0 is the function of film composi-
FIG. 3. Transient photocurrent profiles due to hole transport for polymer I at
different temperatures (E5125 kV/cm).Chan, Gong, and Ng
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tion, b is a constant coefficient, and Teff is defined as 1/Teff
51/T21/T0 where T0 is an experimental term which ap-
pears to characterize the transport system. Since an electric
field reduces the barrier for jumps along the field direction,
the drift mobility should increase by increasing the applied
field. However the log m vs E1/2 plots for polymers I and II
show a linear relationship with negative slopes ~Fig. 5!. This
interesting phenomenon was also observed in some PPV
derivatives,11 1,1-bis~di-4-tolylaminophenyl!cyclohexane-
doped polycarbonate12 and conjugated photorefractive
polymers.13 These observations are attributed to the presence
FIG. 4. Temperature dependence of the hole mobility at E586 and 160
kV/cm for polymer II.
FIG. 5. Field dependence of the hole mobility at T5298 K for polymers I
and II.Appl. Phys. Lett., Vol. 71, No. 20, 17 November 1997
Downloaded 10 Nov 2006 to 147.8.21.97. Redistribution subject to of off-diagonal disorder in the hopping sites, which causes
the charge carrier to jump against the field direction in order
to open a faster route.14
In conclusion, we have investigated the photoconducting
and charge transporting properties of transition metal
complex-containing PPVs. From the TOF measurements, it
was demonstrated that the hole migration is dispersive with
non-Gaussian behavior. In addition, the charge mobilities are
affected by the metal complex concentration, indicating that
the metal complex plays an important role in the charge hop-
ping process. Our polymers have demonstrated a new ap-
proach to the design and synthesis of organic polymers for
optoelectronic applications because many transition metal
complexes exhibit very interesting photophysical and redox
properties.
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